Steel-concrete composite beams combine the high tensile strength of steel with the high compressive strength of concrete to create a stronger stiffer composite member. For the beam to act compositely, internal longitudinal actions must be transferred from the steel to the concrete through shear stud connectors. Once the stud-concrete interface starts to fracture or crush, the load carrying capacity of the beam is compromised. Shear connector capacity has been determined experimentally; however these tests do not generate a detailed understanding of the force transfer mechanisms between stud and concrete. This paper aims to characterise the behaviour of the composite beam when it fails by fracture of the concrete along the line of the studs, known as splitting failure. Experiments have been conducted on 5 steel-concrete composite beams, with shear stud connections, to investigate in detail the splitting behaviour at the stud-concrete interface. All beams were internal primary beams designed to fail by splitting. Testing was carried out on a specially developed push off rig (A. Gillies et al., 2006) , with four specimens being loaded monotonically until failure and the fifth one loaded cyclically and then failed monotonically according to EuroCode 4 (1994) recommendations. Crack initiation and propagation in both the vertical and longitudinal direction were measured, as well as local and global strains. Results show very small changes in rib width as load is increased, giving indication of when micro and macro cracking occurred. It was shown in the cyclic test that concrete splitting and crack growth propagations occurs at very low applied loads. From these measurements it can be concluded that the zone of transverse deformation around the stud is very localized. The stress field in the concrete around the base of the stud is non-uniform, with a high build-up of compression on one side of the stud and a small amount of tension on the other side.
Introduction
The advantage of steel-concrete composite beams is the high tensile strength of steel is combined with the high compressive strength of concrete, creating a member that is significantly stiffer and stronger than either of these two materials alone (Souici et al., 2013) . This has resulted in the widespread use of composite beams in the construction industry today (Liu et al., 2013; Mirza & Uy, 2010) . For beams to act compositely forces must be transferred between the fundamental materials, steel and concrete. This is often achieved via the use of headed shear stud connectors, see Fig. 1 . As soon as the connection between the shear stud and concrete begins to slip or crush, the composite action and hence load carrying capacity of the beam is compromised (Liu et al., 2013) . Therefore, being able to characterize and predict the behavior of the stud-concrete interface is of fundamental importance to researchers and developers of steel-concrete composite beams.
There has been a lot of investigation into the behavior of composite beams with shear stud connection. Most of which has been carried out using the standard push-off test (Hanswille et al., 2007a (Hanswille et al., , 2007b Kim et al., 2001; Lam & El-Lobody, 2005; Nguyen & Kim, 2009) . Of these tests, none are able to investigate the behavior of the shear studconcrete interaction at the level of fine detail as presented in this paper. This paper aims to characterize the behavior of the composite beam when it fails by splitting of the concrete along the line of the studs, see Fig. 1 . 
Experimental setup

Test setup
The test setup adopted was a slight alteration as to that used by (A. Gillies et al., 2006) , shown in Fig. 2 . The load is applied through a load cell to the center line of an I beam, the load is then transferred through the studs to the concrete which bears against a reaction beam, creating longitudinal shear stress along the interface and a very slight moment due to eccentricity of shear transfer. This set up differs from the conventional push-off test in that it is horizontal and has only one shear plane. The advantage of this setup is that there is only one interface where slip will occur, compared to the two interfaces in a typical push-off test. In a typical push off-test, when the behavior transitions from linear to nonlinear, the force distribution in each interface is unknown and suitable data cannot be drawn once nonlinear behavior is observed.
It should be noted that with the adopted set up, an eccentricity of 100 mm, between the reaction beam and load cell, is introduced to the composite. This eccentricity results in a small axial tension component on the leading stud, a small axial compression component on the trailing stud and no influence on the middle studs. In previous work the influence of this eccentricity on the shear slip performance of the shear stud group has been found to be negligible (A. Gillies et al., 2006) .
Specimen detailing
All specimens were designed identically to fail by longitudinal splitting according to NZS 3404 (SNZ, 1997) and HERA design recommendation (Clifton & Hyland, 2000) . Each beam consisted of four 19 x 125 mm studs. The studs were welded directly to 200 UC 60 beams as it was decided by the authors that no decking would be used in these initial tests as it potentially complicates the behavior of the concrete/steel interface. Formwork was created out of plywood to get the correct shape required for a primary beam. The beams had rib widths of 205 mm and a deck thickness of 110 mm, giving an overall beam depth of 185 mm.
To measure the outward movement of the concrete rib, portal gauge wire ran freely through the concrete rib. Portal gauge wire was positioned in the formwork and threaded through drinking straws prior to the concrete being poured, therefore the concrete would not adhere to the gauge wire, see Fig. 3 . This method ensured that the concrete was not damaged in any way when placing those wires, such as damage caused by drilling, and the gauge wire had minimal effect on the performance of the composite beam. The free wire was then fixed on one side of the rib and connected to another wire embedded in the other side of the rib, see Fig. 3 , effectively measuring the outward displacement of both sides of the rib.
A schematic of portal gauge locations are shown in Fig. 4 . Gauge channels 0-21 all measure change in rib width. Channels 22-25 measure local slip and channel 26 measures overall global slip. For the last two tests strain gauges were set up to measure vertical movement on the corners of one side of the slab. 
Results and Discussion
Monotonic testing
The test setup was able to reveal the different phases of failure along the interface through the change in recorded concrete rib width at each phase of failure. Referring to Figure 5 , which is a plot of channel 12 for the 3 rd specimen to be tested, the different sections of the curve can be distinguished. From point A to B what appears to be linear elastic behavior of shear stud/slip is observed, with the rib width widening uniformly and the load being resisted by the composite beam increasing steadily. From the cyclic test it is shown that this behavior is not in fact elastic and will be discussed in detail in Section 3.2. At point B there is a nonlinear increase in rib width and also a plateau in Fig. 7 . Difference in elastic behaviour between channels 0 and 9. load being resisted, suggesting micro cracking is beginning as the concrete around the stud starts to fail. Point C marks the development of the macro crack and release in tri-axial confinement of the compression bulb of concrete at the bottom of the stud. This crack occurs dynamically and along the entire beam. Localized crushing immediately occurs at this point. Point E is where localized crushing stops and the crack starts to widen as the studs push through concrete, causing the ribs on both sides to rise. By point E, all tensile capacity of the concrete is lost and the only reason the slab is still intact is due to the reinforcing mesh in the top of the slab. Point F marks the end of the test. The difference in the amount of change in rib thickness vertically is shown in Figure 6 . Channel 12 is located 30 mm above channel 1, refer to Fig. 4 . This shows that the crack does in fact concentrate at the bottom of the studs, which is also suggested by theory.
Looking only at the elastic behavior, see Figure 7 , during low levels of loading the shear studs are not picking up the loading evenly. The shear studs closest to the bearing side are taking the highest amount of load. This is expected as the steel beam is effectively infinitely stiff so as the load is transferred down the steel beam to the concrete it is concentrated in the stud nearest the concrete bearing surface.
Looking at gauges on either side of a stud yielded very interesting results. On the bearing side of the stud there is a definite increase in rib width due to transverse dilation from the longitudinal compression, while on the free edge side of the stud there is an initial decrease in rib width, due to transverse contraction from the longitudinal tension, as shown in Figure 8 by channels 4 and 6 respectively. This shows that the stress field around each stud is nonuniform. There is a strong compression bulb in the concrete on the bearing side of the stud and a small tension field on the free edge side.
Cyclic testing
One cyclic test was undertaken to determine whether or not the change in rib width between points A and B, on Figure 5 , can be classified as elastic behavior or inelastic behavior. This test was a test of the ability of the recording mechanism to pick up minor changes in the strain state in the concrete under the prescribed cyclic test regime. EuroCode 4 standards were adopted for the loading regime. It specifies loading the specimen between 5 and 40 percent of the peak static load determined from monotonic testing (previously carried out). Figure 9 shows how the loading was applied and Figure 10 shows the rib displacement at channel 0, the most heavily loaded shear stud due to its proximity to the concrete slab bearing support. It can be seen that when the load returns back towards zero the transverse widening of the rib does not decrease at all. Instead it continually increases with each new cycle. This shows crack opening behavior of the concrete within the compression stress bulb and more importantly the threshold at which crack propagation starts is low and in what would be the serviceability operating range of behavior. Because of the low level of loading that is required to initiate inelastic behavior the question arises whether a high number of cycles at a low level of load could lead to failure of the composite beam. This point is particularly interesting as shear stud connections, especially in bridges, are often subjected to high cyclic loading (Hanswille et al., 2007b). As stated previously, no decking was used in this set of experiments. Decking provides resistance to splitting, so if present, the transverse widening of the rib at low levels of loading may be suppressed. More testing needs to be undertaken to explore in particular if there is a threshold below, which this crack growth behavior does not occur. Channel 0 is located at the bearing end of the concrete and showed significantly larger amounts of rib displacement than any of the other channels during the cyclic loading. Other channels on the bearing side of the studs showed similar trends, however, on a much smaller scale of displacement.
Conclusion
Five steel-concrete composite beams with shear stud connection were tested using a push up rig. All beams failed by longitudinal splitting along the line of the studs. Four beams were loaded monotonically until failure and one beam was loaded cyclically and then monotonically until failure, according to EuroCode 4 recommendations. From the testing it was shown that the zone of transverse deformation around the stud is very localized. The stress field in the concrete around the base of the stud is non-uniform, with a high build-up of compression on one side of the stud and a small amount of tension on the other side. The cyclic test conducted showed that inelastic behavior was observed in the concrete at low levels of loading. Future work will include creating a detailed finite element model that can accurately predict the behavior of composite beams. The results from this paper will be used to verify the finite element model. Future experimental testing will be focused on cyclic loading and conducting tests with specimens including decking.
